The liquefied natural gas volumes that currently need to be stored and/or transported require engineering to consistently develop materials that combine high mechanical strength and low manufacturing costs. The present work brings the study of four models of high manganese steels (noncommercials), to demonstrate the feasibility of being used in the petrochemical industry. The tests contemplate the characterization (composition, phase diagram, metallography, EBSD, microhardness), corrosion resistance in NaCl solution (Open Circuit Potential, Linear Polarization) and characterization of corrosion products (EDS, SEM, Raman Spectroscopy). The obtained results showed a relationship between the increases of the manganese content with: formation of twins that help their hardening, as well as the decrease of their corrosion resistance; the steel with less amount of this element had a more noble behavior. Quantities of chromium, silicon and aluminum in these steels could not contain the high dissolution of manganese, which caused low stability of the formed oxides that allows the electrolyte ions to reach the metal surface, accelerating the dissolution process.
Introduction
Since the industry began the extraction of natural gas, it was necessary to develop materials that could withstand the cryogenic fluids storage and transport conditions. Initially, the materials had difficulty maintaining the same mechanical properties at temperatures well below 0 °C. The ductile-brittle transition phenomenon, which is the change in mechanical properties related to ductility as the temperature decreases, has been much studied. The use of different alloying elements helps in the improvement of mechanical and chemical properties, and in the reduction of costs in the production of these steels 1 .
In general, the alloys used in the manufacture of liquefied natural gas tanks require high mechanical strength so that the thickness of the tank wall is minimized, as it is necessary that these alloys have high toughness at low temperatures. High manganese austenitic steels have been shown to be promising materials for applications where high mechanical strength is required at cryogenic temperatures and they have become attractive due to their low cost and to the stabilizing element of austenite, the phase that maintains the mechanical properties required for low temperatures 2,3 . The excellent mechanical properties of steels with high manganese content have been the subject of several studies. It was concluded that the mechanical resistance is due to the presence of twins and ductility as a result of the remaining austenite. The twins are modifications of the crystallographic orientation planes within the grains and they act as a barrier to the discordances movement 4 . This effect is called TWIP (Twinning Induced Plasticity).
There are some studies on the electrochemical polarization behavior of Fe-Mn-Al alloys. Some authors have reported that these steels do not passivate in aqueous solutions of 3.5% NaCl, 10% HCl or 10% HNO 3 and are susceptible to pitting corrosion, but this depends on the alloying elements and their amounts 5 . It has also been reported that increasing the content of manganese above 25% decreases the corrosion resistance of the alloy in aqueous solutions 6 .
In this work, samples of four high manganese steel models were used -which were analyzed to obtain their chemical compositions. A thermodynamic simulation was performed in Thermo-Calc ® software and, with the diagrams obtained; it was possible to determine the temperature at which the heat treatments are to be performed to obtain the desired microstructure. After the thermal treatments, the study of the microstructure was carried out to confirm the present phases and to identify its influence on the mechanical properties and the resistance to corrosion. Microhardness tests were also performed to study the relationship between the chemical composition and the microstructure in the mechanical properties of these steels. To study the corrosion resistance of high manganese steels, Open Circuit Potential (OCP) and Linear Polarization techniques were used. The results showed the curves and the corrosion potential, and the corrosion resistances of these steels were determined. An aqueous solution of NaCl was used because the storage tanks are located in ships or in regions near the sea, where the metal is exposed to the effects of Cl ions present in the marine atmosphere. In addition to the corrosion tests, the surfaces of the samples were characterized to observe corrosion products by SEM, EDS and Raman spectroscopy.
Experimental
High manganese steels were manufactured with the following carbon and manganese specifications: 28% Mn -0.2% C, 26% Mn -0.3% C, 23% Mn -0.45% C, and 20% Mn -0.6% C, to avoid the presence of epsilon martensite in the microstructure of the steels. Samples of the steels were cut, sanded, washed with ethanol and dried with a hot air jet, and the chemical composition was determined on the X-ray Rigaku fluorescence spectrometer model ZSX Mini II. With the preparation of the chemical compositions, it was possible to carry out simulations in the Thermo-Calc ® program, database TCFE6, which allows the elaboration of phase diagrams and evaluation of thermodynamic data. The steels sampleswere heat treated at 1150 °C for 1 hour, and then cooled in water. The previous treatment was done to obtain the typical microstructure in these steels that is used in the industry.
For the metallographic preparation, the samples were sanded with silicon carbide sieves from 100 to 2500, followed by ethanol washing to degrease and hot air jet to dry the surface, according to ASTM E3 (Preparation of Metallographic Specimens). After that, the polish was adjusted with alumina of 1 micron and then the electrolytic polishing was done in 10 seconds using a solution of 50% glycerol + 25% ethyl alcohol + 25% phosphoric acid in a cell with platinum counter electrode, 5A current and 18V voltage for 8 7 . To reveal the microstructure, a solution of 40% nitric acid + 60% distilled water was used for 20 seconds 7 . Microstructural analysis was performed using the Zeiss ® optical microscope model AX10.It has been applied the EBSD sample preparation for the tests, the same way as in the metallography test, with a difference in polishing, which was made with alumina 1 micron and 0.5 for steels with 20% to 22% manganese; in the case of 26% and 28% manganese steels, 1 micron alumina was used and then the electrolytic polishing was performed for 60 seconds using a solution of 50% glycerol + 25% ethyl alcohol + 25% phosphoric acid 7 . Microstructural analysis was performed on Philips Scanning Electron Microscope XL-30, EBSD OXFORD / HKL Channel 5.The microhardness measurements were performed on the Vickers scale in the Shimadzu digital microdurometer model HMV, with a load of 2.942N (HV3); all samples were sanded and polished with diamond paste prior to assay, and fifteen measurements were taken in each sample, according to ASTM E92 8 .
Electrochemical measurements were performed on the Metrohm ® Autolab PGSTAT 302N potentiostat/galvanostat, controlled by the NOVA ® program. Open Circuit Potential (OCP) and Linear Polarization tests were performed using a standard three-electrode cell:Ag (s) / AgCl (s) / Cl-(aq) (saturated KCl) as the reference electrode, working electrode were the steel samples and the counter electrode was a platinum plate with a geometric area of approximately 130 mm 2 . The tests were done at room temperature and inside a Faraday cage. OCP tests were performed for 1 hour; the linear polarization curves were obtained in a potential range of +200 to -100 mV around the Open Circuit Potential, with a scanning rate of 1 mV/s, ending in 1 mA of current 9 , in 0.1M NaCl solution.
After the corrosion tests, images were obtained for the visualization of morphology details of the corrosion products by the TEGAN ® VEGA XMU scanning electron microscope (SEM) and X-ray energy scattering (EDS) spectroscopy, using the Esprit software 1.8; also using Raman spectroscopy with the WITec alpha300 spectrometer. Table 1 shows the chemical composition of high manganese steels obtained by X-ray fluorescence, in which it is observed that the quantities of carbon and manganese were approximated to those requested; also aluminum, silicon and chromium contents were found, and these contents decrease as the manganese content increases. Small amounts of other elements have been found and this is due to the manufacturing process. The carbon-manganese ratio in the chemical composition was used to avoid precipitation of epsilon martensite (ε) and to ensure a completely austenitic matrix; with the help of the Schumann Fe-C-Mn phase stability diagram shown in Figure 1 , it is possible to locate the compositions of these steels in the stability area of the austenite phase 10 .
Results and Discussion
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Thermodynamic diagrams
With the chemical composition, the mass fraction diagrams of the steels were constructed in Thermo-Calc ® software. These diagrams show the amounts of the phases and serve as guides for determining the temperatures at which thermal treatments are to be performed to obtain the desired microstructure. Figure 2 shows the mass fraction diagram of 20% manganese steel, where it is possible to see that the austenite forms from the liquid at a temperature of approximately 1350 °C, remaining as the only phase present from 1270 °C to 770 °C. Below 770 °C, the precipitation of the M7C3 carbide is observed in small amounts. At temperatures below 670 °C, the ferrite (BCC) is formed, and when the temperature decreases, it is observed the increase of ferrite and the decrease of austenite. Below 460 °C, the formation of M23C6 carbide is observed, and the M7C3 carbide is seen to disappear.
(BCC) is formed and it increases its proportion as the amount of austenite decreases because of the reduction in temperature. Below 460 °C, precipitation of M23C6 carbide occurs and M7C3 carbide disappears. The diagram of this steel is similar to that of the 20% manganese steel, with the difference that the formation or precipitation temperatures of the phases are relatively smaller. The mass fraction diagram of the 22% manganese steel is shown in Figure 3 , and it is observed that at a temperature below 1350 °C austenite is formed from the liquid, and between 670 °C and 1270 °C it is the only phase. Below 670 °C is the precipitation of the M7C3 carbide in small amounts. At temperature below 610 °C, the ferrite phase Figure 4 shows the mass fraction diagram of the 26% manganese steel. Austenite forms at a temperature below 1370 °C, from the liquid, and it is stable with 100% of the steel composition between 670 °C and 1300 °C. The formation of the M7C3 carbide happens between 480 °C and 670 °C, but in less than 10% of the phases. The ferrite phase (BCC) forms below 510 °C and it increases as the temperature decreases. Below 480 °C, the M23C6 carbide is formed and the M7C3 carbide is discarded. The mass fraction diagram of the 28% manganese steel is shown in Figure 5 , where it can be observed that at a temperature below 1350 °C austenite (FCC) is formed from the liquid, and remains as a single phase between 645 °C and 1290 °C. The M7C3 carbide is precipitated at 580 °C and 645 °C in small amounts. Below 580 °C the carbide M7C3 is no longer available and the carbide M23C6 is formed in amounts of less than 10%. The ferrite phase (BCC) forms below 460ºC, and it increases in quantity as the temperature drops. crystallographic orientations of the grains. Figure 7 shows the identification maps of preset phases in manganese steels: a) 20%, b) 22%, c) 26% and d) 28%. As shown in literature, the steels with high levels of manganese are composed of austenite; in the diagram this phase is identified by the red color, this microstructure is FCC (γ) and it had 99% indexation in the four steels. The austenitic matrix is mainly due to the manganese and carbon contents -these elements decrease the temperature of transformation of the austenite into ferrite (as shown in the thermodynamic diagrams) and thus, with the help of thermal treatments, it is possible to have austenite at room temperature. It is also possible to observe a slight difference between the grain sizes of the samples with higher manganese contents; apparently, they presented larger grains (and they had the same thermal treatment time). In some images, blue dots were found, which appear to be indexing regions of the software that did not find the martensitic phase. Figure 8 shows the inverse polar figures (IPF) of the austenitic grains, corresponding to the 20%, 22%, 26% and 28% manganese steels in the letters a, b, c and d, respectively. The inverse polar figures show the direction of the crystal using colors according to the triangle of the unit. It can be observed that the grains show a random crystallographic orientation. All steels show the characteristics of a typical TWIP steel microstructure, i.e. equiaxed grains, some of which contain one or two twins cutting the grain 12 
Microhardness
The microhardness of each of the steels was measured after solubilization heat treatment; the average of Vickers microhardness measurements is presented in Figure 9 . The measurements in each sample showed relatively close values, which confirms the uniformity of the austenitic microstructure in these steels. It is important to remember that, in order to avoid the formation of deleterious phases in these steels, the manganese content has been increased and the carbon content has decreased, a consequence of which is the hardness reduction with the low carbon content (and increase of the manganese).
The high manganese steels have, within their microstructure, the twins. These twins constitute modifications of the crystallographic orientation planes, improving their mechanical properties due to the mechanism of hardening by twinning 13 . The higher content of carbon improves the hardness due to the interstitial character of this element, which acts as a barrier to the discordance movement and that under special conditions helps the hardening by deformation, that is, the transformation of austenite into martensite as a response to deformation 3 .
The phenomena of hardening by deformation and hardening by twinning make these steels promising raw materials for manufacturing automotive parts, components that can be subjected to impact, and also containers that work at high pressures and low temperatures, such as those used to store liquefied natural gas 3 . In the analysis of the diagrams, the relationship between the increases in the content of manganese, together with the decrease of the carbon in the steel, with the stability of the austenite phase, the temperature range where austenite is the only stable phase became larger as it increased the content of manganese. Another important effect was the decrease of the formation temperatureof the ferrite and the precipitation of carbides. This shows the austenitic character of the manganese element in this type of steels, as mentioned by Zambrano et al. 11 . Figure 6 shows images of the steels microstructures: a) 20% manganese, b) 22% manganese, c) 26% manganese and d) 28% manganese. In each of the images, it is possible to see equiaxial austenitic grains and the presence of twins inside the grains. The twins are identified as narrow subgrains, with straight and parallel edges, which divide the austenite grains 4 . It is also important to mention the presence of porosity due to the electrolytic polishing process that was necessary to observe the constituents of the steel. It is possible to observe that there is a larger number of twins in the 26% and 28% manganese steels, due to the increase in the content of manganese in TWIP steels -the greater amount of this element has a direct influence on the stacking fault energy (SFE), which produces the formation of more twins instead of other phases such as martensite 3,4,12 .
Microstructure
By comparing the phases found in the microstructure with the phases described in the simulated thermodynamic diagrams in the Thermo-Calc ® software, it is possible to say that the phases coincided, that the temperature of 1150ºC chosen to make the heat treatment was adequate, and a completely austenitic microstructure was obtained.
EBSD
The EBSD technique was used for identification and quantification of the present phases, as well as to know the 
Corrosion Tests
In Figure 10 , we observe the OCP and linear polarization curves, and it is appreciated that none of the steels presented passive behavior as found in the work of Hamada et al. 5 . In general, it can be said that, with the increase of the manganese content, the resistance to corrosion decreases. In the OCP curves, it is observed how the amount of manganese leads the curves to more negative potentials, showing in 20% manganese steel a more noble behavior. The curve of the 20% manganese steel had a significant decrease and, after a while, rose to less negative powers; this is due to the electrochemical interactions between the metal surface and the electrolyte. In the other steels, it had initial variations and after a while it stabilized. The most important characteristic of these results is to see how the increase of manganese in the steel has a relation with the decrease in the corrosion potential. In the linear polarization curves, it is observed a similar behavior in all steels. The curve of the 28% manganese steel is located at more negative potentials compared to other steels. The 22% and 26% manganese steels had equal behavior and a small difference in corrosion potential. The curve of the 20% manganese steel shows a more noble behavior. By the anodic branch of the polarization curve, it is observed that the process is governed by the transfer of charge, therefore, a generalized corrosion process will occur 14 . The cathodic branch of the curves of these steels suggests that the reaction is controlled by diffusion, which implies the reduction of oxygen reaction 15 . Again, there are results showing a relationship between the decrease in corrosion resistance and the increase in the manganese content in steels. Park et al. 16 , they suggest that manganese has low stability, produces unstable layers that do not provide protection, and this element has preferential dissolution at the oxide/electrolyte interface.
The Pourbaix diagrams are another important tool to understand the phenomena that happened between the steel and the solution. Knowing the pH of the solution and the powers measured in the polarization study, it is possible to predict the behavior of the main elements that make up these steels. The pH of the 0.1M NaCl solution was measured before and after the assays, resulting in values close to pH 7.
In Figure 11 , we observe the Pourbaix diagrams of the Fe, Mn, Si and Al elements. With a blue line that fixes the pH of the solution, it is possible to appreciate the stability areas of the elements as they change the potentials obtained in the linear polarization tests. The iron diagram shows that, from the initial (most negative) potential used on the test up to the value of 0.05V, this element tends to form FeOH, and with potentials higher than this value, iron forms the oxide Fe 2 O 3 . With manganese, it was found that, in potentials lower than 0.7V, it has the affinity to remain as Mn +2 ion, and in higher powers it has the tendency to form the MnO 2 and MnO 4 -(potentials above 0.9V). The silicon and aluminum diagrams show that they maintain the same phases from the beginning to the end of the test: H 4 SiO 4 and Al 2 O 3, respectively. This helps to understand that the low corrosion resistance of high manganese steels, and that the elements affinities make up these steels in reacting with the solution and leaving the metal matrix. An example of this is the great effect that manganese has in passing as ion in the solution instead of forming a protective oxide 17,18 .
Characterization of corrosion products
After the polarization tests, the corrosion products were analyzed with the help of SEM, EDS and Raman. In Figure 12 , there are images obtained by SEM of the 20% manganese steel samples; magnifications of a) 500× and b) 1000×are observed. One can see a cracked layer of corrosion products that does not provide protection and that allows the contact between the solution and the blank metal, allowing Materials Research the elements to pass as ions directly to the electrolyte 9 .It is also possible to observe how the lamellae of corrosion products are easily removed, implying their dissolution. Table 2 shows the EDS results of the 20% manganese steel corrosion products. Fe, Mn, Al, Si, Cr and O elements were found at the point indicated in figure 12, a) ; the amounts of these elements suggest that the layer is composed mainly of iron, manganese and aluminum oxides. Although the manganese has high affinity to pass as ion in the solution, the smaller amount of this element, compared to other steels, was important to improve the resistance to corrosion, as well as the small amounts of aluminum, silicon and chromium found, which influences the stabilization of the oxides 9, 20 . Figure 13 shows SEM images of the 22% manganese steel after the polarization test, with magnification of a) 500× and b) 1000×, where there is a cracked layer of corrosion products on the sample surface that allows the blank metal to be exposed to the electrolytic solution 9 ; this happens in the same way as in the 20% manganese steel, where parts of the layer are easily removed by the electrolyte effect 21 . Table 3 shows the results of the EDS measurement of the corrosion products of 22% manganese steel. Fe, Mn, Al, Si, Cr and O contents were found at the point indicated in figure 13  a) . According to the analysis of the results, it is possible to recognize that the corrosion products are composed mainly of iron, manganese and oxygen, which indicates the presence of oxides of these elements. The aluminum, chromium and silicon elements were also obtained in low quantities, and this is due to the lower content of these elements in the steel composition. It can be observed that the decrease in the levels of chromium, aluminum and silicon, and especially the increase of manganese, influenced the lower corrosion resistance of this steel compared to the 20% manganese steel, as found by Reza et al. 22 . Figure 14 shows SEM images of the 26% manganese steel after the polarization test are observed, with magnification of a) 500× and b) 1000×. It is possible to see corrosion products that do not completely cover the surface of the sample; it is also possible to detail the presence of porosity and sanding marks on the exposed surface of the sample. In this steel, the lamellae covering the 20% and 22% manganese steels were not found. It is also noteworthy that, after the polarization test, the NaCl solution turned orange, which indicates the dissolution of the steel 21 . Table 4 shows the results of EDS measurement of the 26% manganese steel corrosion products, where Fe, Mn, Al, Si, Cr and O contents were found at the point indicated in figure 14 a) . From the quantities, it can be stated that the corrosion products are mainly iron and manganese oxides. Silicon, chromium and aluminum were also found in quantities well below those of the 20 and 22% manganese steels, which are explained by the decrease of these elements in the chemical composition of this steel. The decrease of the alloying elements has an impact on the stability of the oxides formed, which, together with the increase of manganese in the steel composition, results in a higher output of Mn +2 ions from the metal matrix, reducing its corrosion resistance 15 . Figure 14 . SEM of the 26% manganese steel corrosion products in aqueous solution 0.1M NaCl. Source: author As in previous steels, in Figure 15 it is possible to see SEM images of the 28% manganese steel, with magnification of a) 500× and b) 1000×; there are large amounts of corrosion products that appear to create pores when they leave the steel surface, as well as large craters along the observed region. All this is indicative of high dissolution of the material, that was corroborated by the reddish coloration of the solution after the test. These products are known in the literature as Green Rust -products that leave the steel surface in solutions containing chlorides 5 . Table 5 shows the results of EDS measurement of the 28% manganese steel corrosion products, where Fe, Mn, Si, Al and O are found at the point indicated in figure 15 a) . From the quantities found, it is possible to say that the corrosion products are mainly iron and manganese oxides. In this steel no chromium was found, and smaller amounts of silicon and aluminum confirm the lower stability of the corrosion products. The low performance purchased with the others used is due to the greater quantity of manganese available to leave the metal matrix and to pass as ion in the solution 22, 15 Figure 16 shows the Raman curves with the peaks of the species found in the corrosion products of the 5 steels studied. The results confirmed what Grajcar et al. 23 Kannan et al. 15 had mentioned: that the corrosion products of high manganese steels in aqueous solutions are mainly iron hydroxides known as Lepidocrite and Goethite. The compounds γ-FeOOH (lepidocrocite) and α-FeOOH (goethite) were identified by the peaks 250 cm -1 , 528 cm -1 , 655 cm -1 and 249 cm -1 , 307 cm -1 , 554 cm -1 , respectively 24 .
In the 20% and 22% manganese steels were found areas with presence of Al 2 O 3, identified by the peaks 378 cm-1, 418 cm-1, 432 cm-1, 648 cm-1 and 755 cm-1 25 . This compound was not found in the 26% and 28% manganese steels, due to the lower aluminum content in its chemical composition, as mentioned by Kannan et al. 15 , that near a neutral pH high manganese steels with appreciable amounts of aluminum form films of oxides containing Al 2 O 3 .
Conclusions
Based on the experimental results obtained in the present study of characterization and comparison of corrosion resistance between high manganese steel models, the following can be concluded. The temperature of the heat treatments chosen with the help of the thermodynamic diagrams made in Thermo-Calc ® software, which were based on the chemical composition of the products, resulted in the desired austenitic microstructure. The diagrams were important to predict the possible present phases and to see how, as the manganese content in the steel increases, the temperature of transformation of austenite in ferrite decreases.
These steels present a completely austenitic microstructure with the formation of twins that help their hardening, being obstacles for the movement of dislocations, but the greater carbon content has more influence in the microhardness of these steels; in the inverse pole figures it has been shown that the grains do not have a defined crystallographic orientation.
It was also found that the increase of the manganese content is detrimental to the resistance to corrosion; the steel with less amount of this element had a more noble behavior. Elements such as chromium, silicon and aluminum help to stabilize the formed oxides, but the effect of the high tendency of dissolution of manganese is superior to the protection that these elements bring; this effect has been seen with the cracks in the layers of corrosion products that allow the electrolyte ions to reach the surface of the metal, accelerating the dissolution process.
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